ulmonary hypertension (PH) is a common complication of congenital heart disease and pulmonary vascular structural remodeling because of the high pulmonary blood flow is considered as the key pathologic basis. The accumulation of extracellular matrix collagen, the main component of pulmonary vascular matrix remodeling, is an important process of pulmonary vascular structural remodeling. [1] [2] [3] [4] [5] Previous studies indicated that L-arginine/nitric oxide could alleviate the development of high pulmonary blood flow-induced pulmonary vascular structural remodeling and high pulmonary blood flow-induced PH, but the mechanism remains unclear. [6] [7] [8] In the present study, we investigated the impact of L-arginine on collagen content and the effect of L-arginine on the main molecules modulating the synthesis and degradation of collagen in the pulmonary arteries of rats with high pulmonary flow in order to explore the possible mechanism by Circulation Journal Vol. 69, May 2005 which L-arginine regulates pulmonary matrix remodeling.
was injected for the prevention of infection. Control rats underwent the same procedure except for the creation of the shunt.
For rats in the shunt + L-arginine group, L-arginine was orally administrated at a dose of 1 g/kg daily from the second day onward after operation. An equal volume of normal saline was given to the rats in the control group and shunt group. Housing and husbandry conditions were the same for each group of rats.
Measurement of Pulmonary Artery Pressure
Eleven weeks after the experiment, the animals were weighed and anaesthetized with pentobarbital sodium (40 mg/kg). The mean pulmonary artery pressure of each rat was evaluated by a right cardiac catheterization procedure. A polyethylene catheter was inserted into the external jugular vein and advanced under fluoroscopic guidance to a branch of the main pulmonary artery. The other end of the catheter was connected to a transducer and the pressure tracings were simultaneously recorded on a physiologic recorder (90308-11-17-38, SpaceLabs, USA).
Blood Gas Analysis and Measurement of QP/QS
Blood samples (2 ml) were obtained from the pulmonary artery, external carotid artery and jugular vein for blood gas analysis using a GASTAT-3 Blood Gas Analysis Apparatus. QP/QS was calculated by the formula: QP/QS = [oxygen saturation of aorta (%) -oxygen saturation of inferior vena cava (%)]/[oxygen saturation of pulmonary vein(%) -oxygen saturation of pulmonary artery (%)].
When the oxygen saturation of the aorta was >95%, the oxygen saturation of the pulmonary vein was regarded as 100%. When the oxygen saturation of aorta was <95%, the oxygen saturation of the pulmonary vein was regarded as 95%.
Preparation of Lung Tissue
One lobe from both lungs was excised, fixed in 10% formalin and routinely processed into paraffin sections of 4-5 m in depth. Sections were used for immunohistochemistry and in situ hybridization.
Immunohistochemical Analysis
After dewaxing with dimethylbenzene, the sections of lung tissues were put into distilled water and then blocked in H2O2 for 20 min. The slides were washed twice, each for 5 min and then the antigens were heat-processed (92-98°C) for 15 min. The slides were rinsed twice in phosphate-buffered saline, each for 5 min, and then blocked for 10 min with sheep (goat) serum working fluid. Collagen I and collagen III antibodies diluted 1:100 (Santa Cruz) were added and incubated at 4°C overnight, after which the slides were rinsed in phosphate-buffered saline twice, for 5 min each. Next, biotinylated 2nd antibody was added for 30 min at 37°C. The sections were incubated with avidin-biotin complex at 37°C for 30 min. Then DAB was added for developing color and the sections were stained with hematoxylin. After the sections were dehydrated through a graded ethanol series and cleared in dimethylbenzene the slides were mounted. Brown granules in pulmonary smooth muscle cells under the microscope were defined as positive signals.
The collagen expression by pulmonary artery smooth muscle cells was examined using a semi-quantitative method. We defined it as negative (-) if there was no positive signal in the cells. If 1-50% of smooth muscle cells in the pulmonary artery showed collagen expression, we defined it as (+). If 51-100% of smooth muscle cells showed collagen expression, it was defined as (++). At least 10 medium and small pulmonary arteries were examined for each slide. For the convenience of understanding and statistical process, the content of collagen protein in the pulmonary arteries was expressed in integration as calculated: the percentage of pulmonary arteries with a certain extent of reaction intensity was multiplied by the weighted values of their reaction intensity. The weighted value of reaction intensity was 0, 0.5 and 1.0 if the reaction intensity was -, +, ++, respectively.
In Situ Hybridization
Plasmid DNA was extracted by bacterial conversion and alkali pyrolysis method, then incised with restriction endonuclease. We retrieved corresponding fragments and labeled them with digoxigenin (DIG). DIG-labeled tissue inhibitor of metalloproteinase-1 cDNA, metalloproteinase-1 cDNA, 1 (I) and 1 (III) procollagen cDNA probes were used for in situ hybridization. First, sections were dewaxed with xylene and a descending ethanol dilution series and rinsed in phosphate-buffered saline for 1 min. The sections were then digested with proteinase K (50 g/ml) for 25 min at 37°C. Next, 25 l of the hybridization mixture (labeled cDNA probe 5 l, 70% formamide 10 l, 20 × standard sodium citrate buffer (SSC) 4 l, 50% dextran sulfate 2 l, 50 × Denhardt's solution 2 l, 10 mg/ml ssDNA 1 l, 1 mol/L dithiothreitol 1 l) was applied to each section under a glass coverslip and hybridized at 42°C for 120 min. After the coverslips were removed in the SSC series, the sections were immersed in 1:100 horse serum for 20 min to remove nonspecific binding. Rabbit-anti-DIG was added at 37°C for 60 min, then biotin-goat-anti-rabbit was added and the sections were incubated in a humid chamber for 20 min at 37°C. After rinsing 3 times, the sections had SABC added for 30 min at 37°C. The sections were rinsed again 4 times, each time for 5 min. The color was developed using DAB-H2O2 before the sections were stained with hematoxylin. Visualization of the in situ hybrids was enabled by DAB, resulting in dark brown spots representing the mRNA positive signals in pulmonary smooth muscle cells in the tissue sections. For pulmonary arteries, the same semi-quantitative method for assessing the signals described in the previous immunochemical analysis was used. At least 10 pulmonary arteries were assessed in each animal.
Omission of the cRNA probe on previously confirmed positive tissue sections was used as the negative controls and sections of hepatic cancer were used as the positive controls.
Statistical Analysis
The results were expressed as mean ± S and the data were compared with ANOVA. The q-test was used for intergroup comparison.
Results

Pressure and Hemodynamic Changes
In the present rat model of PH, QP/QS in the shunt group and shunt + L-arginine group was 3.32±0.90 and 3.64±0.52, respectively. There was no difference between these 2 values (p>0.05); they were considered to be large shunts. There was a significant difference in the mean pulmonary arterial pressure among the 3 groups (p<0.01); the mean pulmonary arterial pressure in the shunt group (23.00± 0.90 mmHg) was significantly increased compared with that of the control group (15.67±1.12 mmHg) (p<0.01). In the shunt + L-arginine group, however, the mean pulmonary arterial pressure (18.00±1.80 mmHg) was significantly lower than that of shunt group (p<0.05). These results show that the abdominal aorta-inferior vena cava shunt was successful.
Collagen I and Collagen III Expressions by Smooth Muscle Cells of Pulmonary Arteries
There was a significant difference in the collagen I and collagen III expression by smooth muscle cells of median and small pulmonary arteries among rats in the 3 groups (p<0.01) ( Table 1 ). The integration values of collagen I and collagen III expressions were significantly higher in rats of the shunt group than in the control group (p<0.01) and were significantly lower in the shunt + L-arginine group than in the shunt group (p<0.01).
Expressions of Procollagen I mRNA and Procollagen III mRNA by Smooth Muscle Cells of Pulmonary Arteries
There were significant differences in procollagen I mRNA and procollagen III mRNA expressions by mediun and small pulmonary artery smooth muscle cells among the 3 groups (p<0.01) (Table 1; Fig 1) . I and III procollagen mRNAs of pulmonary artery smooth muscle cells were obviously increased in the shunt rats as compared with normal controls (p<0.01). L-arginine, however, markedly reduced I and III procollagen mRNA expressions by pulmonary artery smooth muscle cells (p<0.01). Figs 2,3) . Tissue inhibitor of metalloproteinase-1 mRNA, metalloproteinase-1 mRNA and tissue inhibitor of metalloproteinase-1/metalloproteinase-1 in the shunt group were significantly increased compared with the control group (all p<0.01). However, in the shunt + L-arginine group, tissue inhibitor of metalloproteinase-1 mRNA, metalloproteinase-1 mRNA and tissue inhibitor of metalloproteinase-1/metalloproteinase-1 were significantly lower than in the shunt group (all p<0.05).
Discussion
Nitric oxide is a potent endothelium-derived vasodilator synthesized from L-arginine by nitric oxide synthase by the vascular endothelial cells. Nitric oxide mediates pulmonary vasorelaxation, attenuates pulmonary hypertension and alleviates the development of pulmonary vascular structural remodeling. 6, 8 Accumulation of extracellular matrix is an important component of pulmonary vascular remodeling in pulmonary hypertension and collagen protein is a major 13 In the process of maintaining the normal structure and function of pulmonary vessels, the expressions of collagen genes are strictly regulated and controlled to maintain a balance between the deposition and degradation of collagen in pulmonary vessels. Once this balance is destroyed, the increase in collagen synthesis or decrease in collagen degradation or both would result in extracellular matrix-collagen remodeling. So what changes would occur in pulmonary artery collagen synthesis and degradation in high pulmonary blood-induced pulmonary vascular structural remodeling? As a free radical, how would nitric oxide act on pulmonary collagen protein? Initial studies showed that nitric oxide-donors, such as sodium nitroprusside and CAS-754, inhibited basal collagen levels in cultured vascular smooth muscle cells. 11, 12 The data obtained from our study also showed that collagen types I and III increased significantly in pulmonary arteries when high pulmonary blood flow existed, and L-arginine obviously decreased the basal levels of both types of collagen. Accordingly, collagen I and III proteins also markedly increased as shown in Table 1 . These results indicate that nitric oxide plays an important role in the regulation of extracellular matrix-collagen, suggesting that it also regulates the breakdown of excess collagen deposited in pulmonary artery wall during PH. However, few laboratory data are available to demonstrate that L-arginine is involved in the metabolism of excess collagen deposited in the pulmonary artery wall during PH.
Our observations suggest that the inhibition of procollagen Iand III mRNAs might be involved in the regulation of the synthesis of collagen proteins during regression of pulmonary artery remodeling by L-arginine. The pulmonary artery underwent major structural reorganization during sustained elevation of pulmonary arterial pressure. After L-arginine was used, the pulmonary artery pressure decreased. When the hypertensive stimulus was removed, the irritation and damage induced by mechanical tension transmitted across the vessel wall were reduced and the imbalance of active substances secreted by the endothelial cells in pulmonary vessels was also ameliorated. When the expressions of procollagen I and III mRNAs of pulmonary arteries were downregulated, the excess collagen proteins accumulated during PH decreased toward normal levels.
The results of our present study also showed marked increases in the concentrations of tissue inhibitor of metalloproteinase-1 mRNA and metalloproteinase-1 mRNA and in the tissue inhibitor of metalloproteinase-1 mRNA/metalloproteinase-1 mRNA ratio in pulmonary arteries of shunted rats, as compared with control rats, but components were decreased in the shunt + L-arginine group as compared with shunt rats (Table 2) control, matrix remodeling occurs. Our findings showed an increase in metalloproteinase-1 expression accompanied by an increase in tissue inhibitor of metalloproteinase-1 expression of pulmonary vascular smooth muscle cells when high pulmonary blood flow-induced PH occurred. In other words, degradation of collagen protein was relatively inhibited, but after L-arginine was used, the ratio of tissue inhibitor of metalloproteinase-1 mRNA/metalloproteinase-1 mRNA decreased and the expression of metalloproteinase-1 relatively increased. We speculate that another mechanism by which L-arginine/nitric oxide modulates PH and alleviates extracellular matrix-collagen remodeling is probably related to promoting the breakdown of excess collagen.
Several studies have suggested that metalloproteinase-1 might be essential to smooth muscle cell migration and proliferation, which induces pulmonary vascular remodeling. 14, 15 In our study, an increase in metalloproteinase-1 expression was observed during both the development and the reversal of extracellular matrix-collagen remodeling, a result that was consistent with the study of Vieillard-Baron et al. 16 They reported that at the beginning of pulmonary vascular remodeling, the activity of metalloproteinase-1 was higher than that of tissue inhibitor of metalloproteinase-1, but later, the activity of tissue inhibitor of metalloproteinase-1 kept increasing, whereas the activity of metalloproteinase-1 was relatively inhibited. However, in the recovery phases of remodeling, the activity of metalloproteinase-1 appeared to increase once more. Activation of metalloproteinase-1 may initiate PH, and it may also play a crucial role in protecting against the development of PH. In the whole course of pulmonary vascular remodeling, the determinant of collagen degradation was neither the expression nor the activity of metalloproteinase-1, but the balance between metalloproteinase-1 and tissue inhibitor of metalloproteinase-1.
Our study explored the modulating effect of L-arginine on PH induced by a left-to-right shunt and its possible mechanism from the viewpoint of collagen metabolism, which is important for increasing our understanding of the effect and mechanism by which it attenuates high pulmonary blood flow-induced pulmonary vascular structural remodeling and is implicated in the treatment of the PH with congenital heart diseases.
